One contribution of 18 to a Discussion Meeting Issue 'Photoactivatable metal complexes: from theory to applications in biotechnology and medicine' .
Lanthanide bioprobes and bioconjugates are ideal luminescent stains in view of their low propensity to photobleaching, sharp emission lines and long excited state lifetimes permitting time-resolved detection for enhanced sensitivity. In this paper, we expand our previous work which demonstrated that selfassembled dinuclear triple-stranded helicates [Ln 2 (L C2X ) 3 ] behave as excellent cell and tissue labels in immunocytochemical and immunohistochemical assays. The synthetic strategy of the hexadentate ditopic ligands incorporating dipicolinic acid, benzimidazole units and polyoxyethylene pendants is revisited in order to provide a more straightforward route and to give access to further functionalization of the polyoxyethylene arms by incorporating a terminal function X. Formation of the helicates [Ln 2 (L C2X ) 3 ] (X = COOH, CH 2 OH, COEt, NH 2 , phthalimide) is ascertained by several experimental techniques and their stability tested against diethylenetriaminepentaacetate. Their photophysical properties (quantum yield, lifetime, radiative lifetime and sensitization efficiency) are presented and compared with those of the parent helicates [Ln 2 (L C2 ) 3 ]. Finally, the cellular uptake of five Eu III helicates is monitored by time-resolved luminescence microscopy and their localization in HeLa cells established by co-staining experiments. 
Introduction
A key challenge in biology and medicine is to shed light on the structural and functional properties of cells, organs and living organisms. Imaging techniques are crucial tools towards this goal, and the availability of trustable experimental methods has profoundly influenced the development of modern medicine during the past 30 years. In particular, cancer detection and treatment necessitate sensitive and specific diagnosis and follow-up. Despite the panoply of hightech imaging tools available, there is still much space for improvements, especially when it comes to spatial resolution, sensitivity and penetration depth. Present efforts focus on several aspects including combining drug delivery with a diagnostic agent (theranostics; [1] ), and molecular imaging, which aims at gaining in vivo target-specific information with high sensitivity by means of probes mixing different modalities [2] .
In any case, optical imaging, particularly luminescence imaging, is emerging as a vital component of the various tools required to meet the stringent requirements of modern medicine and biology [3] . A majority of luminescent labels are organic luminophores, which are highly emissive but which convey some major shortcomings: (i) they are often subject to intense photobleaching and some of them are operative for only a few seconds, (ii) their absorption and emission bands are overlapping (small Stokes' shifts), (iii) background fluorescence interferes substantially, reducing their sensitivity/specificity, and (iv) their short excited state lifetimes make time-resolved detection technically quite involved. It is therefore understandable that alternatives are being sought. Semi-conductor quantum dots [4] are a possibility, but they are still not ideal because of emission flickering and concern about their toxicity [5] . Trivalent lanthanide ions represent other viable substitutes in view of their remarkable optical properties [6] , enabling easy spectral and time discrimination and their low propensity to photobleaching. Their only drawback is that part of these bioprobes are coordination compounds that are subject to dissociation in solution and in biological media. Therefore, adequate attention has to be devoted to the stability of these stains particularly if in vivo experiments are to be conducted. Lanthanide luminescent bioprobes, either coordination compounds [7] or nanoparticles [8, 9] , and their bioconjugates have been in use for more than 25 years in time-resolved immunoassays [10, 11] with remarkable success, and they are now being thoroughly tested for bioimaging applications [12] [13] [14] . In this context, we have developed a new class of chelates based on the following concepts: (i) easy self-assembly in water under physiological conditions, (ii) large thermodynamic stability and kinetic inertness, (iii) adequate photophysical properties, (iv) low cytotoxicity, and (v) facile bioconjugation to bovine serum albumin, streptavidin (SA) or antibodies [15] . In addition, the chelates are dinuclear to allow, in the future, for bimodality, and their structure is helical for potential chiral assays.
The ditopic, hexadentate ligands (scheme 1) feature two compartments linked together by a methylene bridge and are based on a dipicolinic acid moiety derivatized in the 6-position by a benzimidazole unit acting as an efficient chromophore. They are also fitted with short polyoxyethylene pendants for better solubility and further chemical modification. They selfassemble with lanthanide ions under physiological conditions yielding highly stable [Ln 2 (L) 3 ] helicates in which Ln III ions are 9-coordinate and well protected from solvent interaction. The initial chelates [Ln 2 (L CX ) 3 ] (X = 2,3, see scheme 1) permeate several cancerous and noncancerous cell lines, independently of the position of the polyoxyethylene arms [16, 17] . The uptake mechanism is endocytosis, and luminescence from Eu III , Tb III and Sm III can be detected in time-resolved mode with large signal-to-noise ratios; moreover, no egress is observed after 24 h [18] . In addition, the [Eu 2 (L C2 ) 3 ] helicate has been revealed to be a useful tool for the determination of DNA or RNA when associated with an organic dye such as acridine orange [19] . Several modifications have been implemented to explore the versatility of the new probes: lengthening of the polyoxyethylene arms [20] , modification of the aromatic backbone to shift the excitation wavelength towards the visible in [Ln 2 (L C5 ) 3 ]; [21] , and substitution of the carboxylate coordinating units by phosphonate or phosphoester ones (e.g. H 2 L POEt ) [22] . Through all this work, H 2 L C2 emerged as being the best ligand, and suitable derivatization with carboxylic acid 
Scheme 1. Ditopic hexadentate ligands for the self-assembly of dinuclear helicates.
groups to yield H 4 L C2COOH allowed us to bioconjugate it to SA and monoclonal antibodies in order to develop very successful detection of cancerous cells in human breast tissue sections, owing to dual microfluidics assays of the receptors that they express [23] .
In this paper, the extremity of the polyoxyethylene arms is functionalized with various groups in order to widen conjugation possibilities and, also, to test the influence of the substituent on cell intake and localization [24] . This in turn leads us to revisit the synthetic strategy for H 2 L C2 by inserting the substituent at the end of the synthetic route instead of during the initial steps. We therefore propose a new synthetic scheme for a common precursor H 2 L C2OH , which lends itself to further functionalizing by various methods. The resulting fine-tuning of the photophysical properties of the corresponding helicates is presented, as well as cell permeation investigations.
Results and discussion (a) Novel synthesis route for H 2 L C2
The strategy successfully applied for the synthesis of H 2 L CX (X = 1, 2, 5) [17, 21, 25] consisted of a modified Phillips coupling reaction between the acyl chloride of a derivatized picolinic acid and 4,4 -methanediylbis(N-methyl-2-nitroaniline) (6, see scheme 2), to give a disubstituted product, followed by the formation of the bis(benzimidazole) rings under reductive conditions. However, the presence of the methoxy moiety on 4-methoxy-pyridine-2,6-dicarboxylic acid monoethyl ester 4 is detrimental to the overall reaction yield.
Alternatively, the reaction can be performed with 4 and 7 in phosphoric acid, or in polyphosphoric acid (PPA), as reported earlier [16] , and here we have adopted a similar strategy. During the condensation step, the temperature has to be higher than 195 • C but less than 230 • C, otherwise the reaction mixture turns black and a brown solid is isolated, which has to be purified 
Scheme 2. Synthetic routes to the ditopic hexadentate ligands.
by chromatography on a Sephadex G25 column. In addition, it is important to ensure efficient stirring of the reaction, especially in the presence of PPA, which is a very viscous solvent. To limit the formation of polymeric by-products, due to the hydrolysis of the second carboxylic function of 4, diamine 7 is first dissolved at 195 before increasing the temperature to 205 • C. This ensures rapid imine bond formation followed by cyclization. The brown solid consists of a mixture of products with the para position of the pyridines substituted by methoxy as well as hydroxyl substituents (calcd. 10% according to 1 H NMR), due to partial hydrolysis of the methoxy protecting group under the harsh reaction conditions. Total deprotection of methoxy into hydroxyl groups is performed in acetic acid in the presence of hydrobromic acid, to yield H 2 L C2OH with a reasonable yield (30%, from 4). To limit the number of steps, we attempted to conduct the condensation step in PPA directly with 5, which bears a non-protected hydroxyl group on the pyridine 4-position, thus allowing ketoneenol equilibrium to occur. The target compound H 2 L C2OH was effectively isolated, but in low yield and in the presence of insoluble by-products, so that this idea was abandoned.
The last part of the synthesis deals with the conversion of the carboxylic acid moieties into ester ones, giving Et 2 L C2OH , which is soluble enough into organic solvents to allow grafting of the arms. By using a Mitsunobu reaction with Et 2 L C2OH and H(OCH 2 CH 2 ) 3 OMe, the yield was low so that we turned to using brominated arm 8. The expected product Et 2 L C2 is obtained at a 75 per cent yield, and gives H 2 L C2 as a pale yellow solid after hydrolysis. The overall yield is 19 per cent, which compares very favourably with the previous synthetic strategy (10%; [17] ). The new synthetic procedure is also easier to perform and requires less purification steps. Above all, it allows inserting the arm during the final reaction steps, which makes it more appropriate than the previous route.
(b) Synthesis of the other ligands
Compared with H 2 L C2 , the presence of more hydrophilic end functions can induce different changes in the ligand properties: (i) we have demonstrated that the photophysical properties of tris(dipicolinate) derivatives can be fine-tuned depending on the nature of this group [26] and (ii) potentially, the different polarities of the resulting chelates may lead to different behaviours with respect to cell permeability. Therefore, differently substituted arms have been grafted on the Et 2 L C2OH precursor as follows. Firstly, a carboxylic acid substituent is introduced in view of further biocoupling suitable activation. The brominated reagent 9 is prepared in three steps, according to scheme 3, by protecting the carboxylic acid moiety 11 as an ester 12, followed by removal of the ether moiety to yield 13 and bromination of the alcoholic function to give 14. After reaction with Et 2 L C2OH , the desired product Et 2 L C2COEt is isolated and subsequently converted into the tetra carboxylic ligand H 4 L C2COOH . The 13 C NMR spectra of the free ligand and of a 2 : 3 Lu III : L stoichiometric solution in D 2 O (pD = 7.8) are presented in figure 1 . Coordination of the lutetium cations induces chemical shifts for all C atoms and no resonance from the free ligand is observed, in line with the formation of the 2 : 3 dinuclear helicate [17] . In addition, the three ligands are equivalent on the NMR time scale, indicating a symmetrical environment within the complex. No decomplexation is observed after one week. We note that the [Eu 2 (L C2COOH ) 3 ] 3− helicate has been previously coupled with avidin, yielding a luminescent bioconjugate (Q = 9.3%, τ ( 5 D 0 ) = 2.17 ms), which was successfully used as a detection probe for immunocyto-and immunohistochemical analyses [23] .
Secondly, the polyoxyethylene arm was decorated with an amine function, which can also be used for bioconjugation. The amine is protected as a phthalimide, and deprotection occurs during the final step, together with the deprotection of both ester functions, to afford ligand H 2 L C2NH2 . Finally, an alcohol group is fitted at the end of the arm by deprotecting figure 3 . One hour after the addition of the polyaminocarboxylate, the intensity had . Therefore, we may conclude that the functional groups at the end of the polyoxyethylene arms do not interfere with the formation of the helical complex and do not substantially modify its stability, as reported for tris(dipicolinates) bearing the same substituents [26] . terminal carboxylic acid function should be similar to the one of 2-[2-(2 methoxy-ethoxy)-ethoxy] acetic acid, 4.0 [27] . The Tb( 5 D 4 ) lifetimes are shorter than expected for an N 6 O 3 environment devoid of water molecules and this has been traced back for the previously reported helicates to a temperature-dependent back-transfer mechanism operating between 5 D 4 and the ligand triplet state [17] .
Absolute quantum yields were determined by the integration sphere method [28] . They display a marked dependence with respect to the nature of the pendant arm as observed for tris(dipicolinate) derivatives bearing the same arms fitted with methoxy, alcohol and amine functions [26] . The replacement of the methoxy function in L C2 with an alcohol leads to a sizeable decrease in quantum yield, from 21 to 14.8 per cent for Eu III but to an increase for Tb III , from 11 to 14.8 per cent. The amine function has a highly detrimental effect on the quantum yields of both Eu III and Tb III helicates, which go down to 2.3 per cent (Eu) and 1.6 per cent (Tb), a tendency opposite to the one reported for the tris(dipicolinates) [26] . Finally, the terminal carboxylate induces a 36-37% decrease in the quantum yields of both Eu III and Tb III helicates. As said above, data for Tb III are difficult to interpret in view of the back-energy transfer process. For Eu III , the effects observed can be attributed to different influences by conducting a more detailed analysis. Indeed, quantum yields depend essentially on three parameters: (i) the sensitization efficiency η sens of the ligand, (ii) the relative importance of radiative and non-radiative processes at the metal centre, which is reflected in the observed lifetime, τ obs , and (iii) the radiative lifetime, τ rad , which depends on the refractive index and the nature of the coordination environment [29] . These parameters are linked by the following equations [6] :
Ln is the intrinsic quantum yield (i.e. the quantum yield upon direct excitation into the f-levels). In the case of Eu III , the radiative lifetime can be estimated from
where A MD,0 = 14.65 s −1 is the rate constant of the magnetic dipole transition 5 D 0 → 7 F 1 , n is the refractive index of the medium, and I t and I MD are the integrated emission areas of the 5 D 0 → 7 F J (J = 0-6) and 5 3 ] with respect to the chelate with H 2 L C2 has different origins. For the former chelate, the main actor lies in the small intrinsic quantum yield, whereas for the other complex, the decrease is essentially a consequence of the smaller sensitization efficiency. That is, despite their apparent long distance from the metal centre, the end substituents of the arms considerably modulate the lanthanide luminescence properties.
(e) Cell permeability of the Eu III helicates
In principle, one may think that the global charge of a metal complex and/or its lipophilicity can drastically influence its cell cytotoxicity, permeability and localization. In our previous studies though, all neutral helicates investigated showed the same type of endosomal/liposomal localization after endocytosis. Moreover, due to the large molecular weight of the bioprobes (around 2800-3200 Da), their egress is very slow [18] . 3 ] (scheme 1) because its quantum yield is much larger (25% versus only 2.5%; [22] ). All the helicates bearing different coordinating and terminal groups permeate into HeLa cells and stain the cytoplasm. After cellular uptake, time-resolved microscopy images show the complexes being present in distinct vesicles in the cytoplasm of the chelate-loaded cells. This finding points to an endocytotic mechanism for cellular uptake, as expected. red Eu III luminescence with the blue fluorescence of the LysoTracker Blue dye. In summary, we conclude that most helicates are present in secondary endosomes and lysosomes, irrespective of their polarity or overall charge. A similar conclusion has been reached for cyclen-based lanthanide bioprobes [30] [31] [32] .
Conclusion
The new route proposed for the synthesis of ditopic ligands derived from H 2 L C2 is a real improvement in that it is simpler to carry out and leads to almost twofold increased yields. In turn, this permits testing the effects of several different substitutions of the extremity of the polyoxyethylene arms on the photophysical and cell-uptake properties of the helicates. As a matter of fact, experimental data show that if coordination properties are not much affected, the radiative lifetimes and more importantly the quantum yields of the [Ln 2 (L CX ) 3 ] helicates (Ln = Eu, Tb; X = C 2 , C 2 COOH, C 2 CH 2 OH and C 2 NH 2 ) are modulated by the end substituent. Conversely, if all tested Eu III complexes are suitable as cell-imaging probes, the ability of the chelates to permeate cells is not modified compared with [Eu 2 (L C2 ) 3 ], even if the complexes bear different global charges.
In a succession of seminal studies, Parker and co-workers [30, 31, 33, 34] have investigated a series of 60 macrocyclic complexes based on the cyclen framework and fitted with various chromophores such as tetraazaphenylene, acridone, azaxanthone, azathiaxanthone or pyrazolyl azaxanthone as sensitizing units. They obtained radically different results for the cytotoxicity, cell permeation and localization of the luminescent stains by modifying the substituents on the cyclen-type ligands [31] . About 80 per cent of the chelates have endosomal/lysosomal localization and are non-toxic, whereas the remaining complexes have larger cytotoxicity (IC 50 < 90 µM) and locate either in mitochondria or in the nucleoli. In fact, these investigations have shown that the cell-intake properties of the chelates do not depend on their overall charge or lipophilicity; only on the nature of the substituent; the reason is that polyaromatic substituents are recognized by protein association. In our case, all substituents are aliphatic so that this discriminating recognition factor does not exist. The data presented here therefore confirm that cell intake and localization are independent of the charge of the complex and of its polarity/lipophilicity.
Experimental section (a) Starting materials and general procedures
Chemicals and solvents were purchased from Fluka A.G. Solvents were purified by a non-hazardous procedure by passing them onto activated alumina columns (Innovative Technology Inc. system; [35] ). Previously reported syntheses include 4-hydroxy-pyridine-2,6-dicarboxylic acid diethyl ester 2 from chelidamic acid 1 (yield: 75%; [16, 36] ), 3,3 -dinitro-4,4 -bis (N-aminomethyl-diphenyl)methane 6 (yield: 75%) and 4,4 -methanediyl-bis(N-methylbenzene-1,2-diamine) 7 (yield: 85%) [16, 22, 37] , H 2 L POEt [22] , Et 2 L C2 and H 2 L C2 [17] , the phthalimide-fitted arm 10 [26] , as well as the bromination of 2-[2-(2-methoxy-ethoxy)-ethoxy]-ethanol with PBr 3 to yield arm 8 [38, 39] , see scheme 2 for the numbering of the compounds. (c) 4-Methoxy-pyridine-2,6-dicarboxylic acid diethyl ester (3) This synthesis was adapted from Horvath et al. [40] . 4-Hydroxy-pyridine-2,6-dicarboxylic acid diethyl ester 2 (2.4 g, 1 mmol) was dissolved in dimethylformamide (DMF), in the presence of K 2 CO 3 (2.2 g); Me 2 SO 4 was added to the solution, which was stirred at RT for 2 h. The solvents were evaporated under vacuum, the product was dissolved in dichloromethane, washed with half-saturated solution of aqueous NH 4 Cl, dried over Na 2 SO 4 and the solvent removed, giving 2.4 g of the desired product 3 (98%). Anal. calcd. for C 12 (d) 4-Methoxy-pyridine-2,6-dicarboxylic acid monoethyl ester (4) A solution of NaOH (220 mg, 5.5 mmol) in 50 ml of ethanol was added to 3 (1.4 g, 5.5 mmol) in ethanol (50 ml), and the resulting solution was stirred at RT for 2 h. The evolution of the reaction was followed by TLC (silica plate, CH 2 Cl 2 /MeOH 97/3 v/v). After completion of the reaction, the solution was evaporated and the product dissolved in water. The basic aqueous solution was washed with 2 × 50 ml CH 2 Cl 2 , then the pH of the aqueous phase was decreased until precipitation of a pale yellow solution (pH = 1. 
(f) Et 2 L C2OMe
The synthesis was performed with a modified Phillips coupling reaction, starting from 4 (450 mg, 2 mmol) and followed by reduction in the presence of iron [17] ; 190 mg were collected (yield: 30% over two steps). ESI-MS: m/z = 318. 30 
(g) H 2 L C2OMe
A solution of sodium hydroxide (20 mg, 0.5 mmol) in 5 ml EtOH was added to a solution of 8 (160 mg, 0.25 mmol) dissolved in ethanol/water (15 ml). The solution was stirred at RT for 2 h then
